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Abstract 
&DUERQ HPLVVLRQV RI D MREVKRSPDQXIDFWXULQJ V\VWHP FRQVLVW RI SURFHVVLQJ DQG QRQSURFHVVLQJ FDUERQ HPLVVLRQV
3URFHVVLQJ FDUERQ HPLVVLRQV DUH FDXVHGE\ WKH SURFHVVLQJSURFHVVRIPDFKLQHVXVHG IRU WKHRSHUDWLRQRI D MRE7R
VHOHFW WKH PRVW VXLWDEOH RQH IURP DOO DOWHUQDWLYH PDFKLQHV IRU WKH RSHUDWLRQ SURYLGH D FKDQFH WR UHGXFH WKLV W\SH
HPLVVLRQ1RQSURFHVVLQJFDUERQHPLVVLRQVDUHFDXVHGE\ LGOH XQORDGVWDWHSURFHVVRIDOO LQGLYLGXDOPDFKLQHV7R
JHQHUDWHWKHRSWLPDORSHUDWLRQVHTXHQFHVDOVRSURYLGHDFKDQFH WROHVV WKHVHQRQSURFHVVLQJHPLVVLRQV&RQVLGHULQJ
ERWKW\SHVRIHPLVVLRQVDWZRVWDJHFDUERQHIILFLHQF\RSWLPL]DWLRQPRGHOXVLQJWZRRSWLPDOVWUDWHJLHVLVSURSRVHG

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRIWKHUG&,53*OREDO:HE&RQIHUHQFH
LQWKHSHUVRQRIWKH&RQIHUHQFH&KDLU'U$OHVVDQGUD&DJJLDQR
.H\ZRUGV/RZFDUERQPDQXIDFWXULQJ&DUERQHPLVVLRQG\QDPLFV&DUERQHIILFLHQF\2SWLPDOVWUDWHJ\-REVKRSPDQXIDFWXULQJV\VWHP
1. Introduction
0DQXIDFWXULQJ LQGXVWU\ KDV DQ LPSRUWDQW UROH LQ WKH
UHGXFWLRQ RI FDUERQ HPLVVLRQV E\ PHDVXULQJ
FKDUDFWHUL]LQJ DQG RSWLPL]LQJ WKH SHUIRUPDQFH RI
PDQXIDFWXULQJV\VWHP,QWHUQDWLRQDOHQHUJ\DJHQF\,($
LQGLFDWHG WKDW WKH PDQXIDFWXULQJ LQGXVWU\ FRQWULEXWHV
RYHURIWRWDOFDUERQHPLVVLRQVDQGPRUHWKDQ
RI WKH WRWDO HQHUJ\ FRQVXPSWLRQ >@ 0DQXIDFWXULQJ
SURFHVV LV QDWXUDOO\ HQHUJ\ LQWHQVLYH DQG HOHFWULFLW\
JHQHUDWHG IURP IRVVLO IXHOV LV DPDMRU FDUERQ HPLVVLRQ
FRQWULEXWRU >@ ([LVWLQJ UHVHDUFKHV RQ RSWLPL]LQJ WKH
HQYLURQPHQWDO GLPHQVLRQ RI PDQXIDFWXULQJ IRFXVHG RQ
GHYHORSLQJPRUHHQHUJ\DQGUHVRXUFHHIILFLHQWPDFKLQHV
DQG SURFHVVHV >@ +RZHYHU PDMRULW\ RI HQHUJ\ LV
FRQVXPHGE\IXQFWLRQVWKDWDUHQRWGLUHFWO\UHODWHGWRWKH
SURGXFWLRQRIFRPSRQHQWVDQG WKHHIILFLHQF\ LPSURYLQJ
HIIRUWVIRFXVLQJVROHO\RQWKHPDFKLQHVRUSURFHVVHVWKXV
PD\PLVVDVLJQLILFDQWHQHUJ\VDYLQJRSSRUWXQLW\>@
0RUHDQGPRUHUHVHDUFKHVEHJDQWRIRFXVRQWKHHQHUJ\
UHGXFLQJ PDUJLQ RQ WKH V\VWHPOHYHO HVSHFLDOO\ WKH
RSHUDWLRQDOPHWKRGV)RUH[DPSOH)DQJHWDOSUHVHQWVD
QHZPDWKHPDWLFDOSURJUDPPLQJPRGHORIWKHIORZVKRS
VFKHGXOLQJ SUREOHP WKDW FRQVLGHUV SHDN SRZHU ORDG
HQHUJ\ FRQVXPSWLRQ DQG DVVRFLDWHG FDUERQ IRRWSULQW LQ
DGGLWLRQ WR F\FOH WLPH >@ %UX]]RQH HW DO EDVHG RQ
DGYDQFHGSODQQLQJDQGVFKHGXOLQJV\VWHPWKDWGRHVQRW
FRQVLGHU HQHUJ\ VDYLQJ SURSRVHG DQ HQHUJ\DZDUH
VFKHGXOLQJRIPDQXIDFWXULQJSURFHVVHVWRRSWLPDOO\SODQ
HQHUJ\ VDYLQJ IRU D JLYH VFKHGXOH >@ 'DL HW DO
SURSRVHG DQ HQHUJ\ HIILFLHQW PRGHO IRU IOH[LEOH IORZ
VKRSVFKHGXOLQJEDVHGRQDQHQHUJ\HIILFLHQWPHFKDQLVP
XVLQJ DQ LPSURYHG JHQHWLFVLPXODWHG DQQHDOLQJ
DOJRULWKP>@
7KLV SDSHUZLOO IRFXV RQ WKH RSWLPL]DWLRQ RI FDUERQ
HIILFLHQF\ RI D MREVKRS PDQXIDFWXULQJ V\VWHP $ WZR
VWDJH RSWLPL]DWLRQ DSSURDFK DLPLQJ DW EHVW FDUERQ
HIILFLHQF\WKXVLVHVWDEOLVKHGEDVHGRQWZRRSWLPL]DWLRQ
VWUDWHJLHVZLWKJHQHWLFDOJRULWKPVROXWLRQ
2. Problem Definitions 
,QDMREVKRSPDQXIDFWXULQJV\VWHPD ILQLWHVHWRIQ
MREV--«-L«-QDUHWREHSURFHVVHGRQDILQLWHVHW
RI P PDFKLQHV 0 0 «0M« 0P IROORZLQJ D
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SUHGHILQHGRUGHU(DFKMRELVGHILQHGDVDILQLWHVHWRI1L
RUGHUHG RSHUDWLRQV ZKHUH NL2 N  « 1L LV WKH NWK
RSHUDWLRQ RI MRE -L SURFHVVHG RQ PDFKLQH 0M DQG
UHTXLULQJDSURFHVVLQJWLPH NLMS 7KHNWKRSHUDWLRQ
N
L2 RI
MRE -L SURFHVVHG RQ PDFKLQH 0M LV GHWHUPLQHG E\ D
GHFLVLRQ YDULDEOH NLM[ ZKLFK LV  NLM[ LI WKH RSHUDWLRQ NL2 
LV DVVLJQHG WR PDFKLQH 0M ,Q DGGLWLRQ WKH
PDQXIDFWXULQJ V\VWHP LV VXEMHFW WR WKH IROORZLQJ
FRQVWUDLQWV  PRUH WKDQ RQH PDFKLQH ILW WKH NWK
RSHUDWLRQ RI MRE -L HDFKPDFKLQH FDQ SHUIRUP RQO\
RQHRSHUDWLRQDWDWLPHRQDSURGXFWHDFKPDFKLQHLV
FRQVWDQWO\ DYDLODEOH IRU DVVLJQPHQWZLWKRXW EHLQJ NHSW
LGOH ZKLOH SURGXFWV DUH ZDLWLQJ  MREV DUH VLPSOH
VHTXHQFHV RI RSHUDWLRQV DQG WKH\ FRQVLVW RI VWULFWO\
RUGHUHGRSHUDWLRQVHTXHQFHVRQFHDQRSHUDWLRQVWDUWV
LQ DQ HTXLSPHQW LW PXVW EH FRPSOHWHG ZLWKRXW
LQWHUUXSWLRQ DMREFDQEH LQSURFHVVRQDWPRVWRQH
RSHUDWLRQ DW DQ\ WLPH  MREV EHWZHHQ HTXLSPHQW DUH
DVVXPHG WR EH QHJOLJLEOH  WKH SURFHVVLQJ WLPH DQG
SRZHURI WKHRSHUDWLRQFDQEHGHWHUPLQHGEDVHGRQ WKH
H[SHULPHQWV
7KLV SDSHU DLPV DW RSWLPL]LQJ WKH FDUERQ HIILFLHQF\
RI D MREVKRS PDQXIDFWXULQJ V\VWHP ZKLFK FDQ EH
VKRZQ E\ HTXDWLRQ  :KHUH WKH FRPSUHKHQVLYH
SURGXFWLRQ RXWSXW LV WKH QXPHUDWRU ZKLOH WKH
GHQRPLQDWRULVWKHWRWDOFDUERQHPLVVLRQVRIWKHVKRS
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:KHUH4LLVWKHSURGXFWLRQRXWSXWRIWKHLWKW\SHMRE:L
LV WKH ZHLJKW RI WKH LWK MRE IRU FDOFXODWLQJ WKH
FRPSUHKHQVLYH SURGXFWLRQ RXWSXW ܥܧതതതത LV WKH
FRPSUHKHQVLYH FDUERQ HIILFLHQF\ RI WKH MREVKRS ZLWK
WKH WRWDO FDUERQ HPLVVLRQV &(VKRS
N
LM; LV WKH WDVN
DOORFDWLRQPDWUL[IRUWKHNWKRSHUDWLRQRIMRE-LDVVLJQHG
LQHTXLSPHQW0M ZRUNLMN3 LV WKHSURFHVVLQJSRZHURI0MIRU
WKH RSHUDWLRQ NL2  WDP
N
LM LV WKH FRQVXPSWLRQ RI WKH
DX[LOLDU\ PDWHULDO VXFK DV FRRODQW ZLWK WKH FDUERQ
HPLVVLRQFRHIILFLHQW DP]  WZNLM LVWKHZDVWHRI0MIRUWKH
RSHUDWLRQ NL2 DQG LWV FDUERQ HPLVVLRQ FRHIILFLHQW LV Z] 
LGOH
M3 LVWKHLGOHSRZHURI0M
3. Optimization Strategies for Carbon Efficiency 
&DUERQ HPLVVLRQV G\QDPLF FKDUDFWHULVWLFV DUH WKH
G\QDPLF FKDQJHV RI FDUERQ HPLVVLRQV RYHU WLPH 7KH\
DUHDOVRGHWHUPLQHGE\SURGXFWLRQRUVFKHGXOLQJSODQ,Q
WKLV SDSHU WZR RSWLPL]DWLRQ VWUDWHJLHV ZHUH SURSRVHG
EDVHGRQWKHIROORZLQJWZRFRQVLGHUDWLRQV
x 0RUH WKDQRQHPDFKLQHPD\ ILW WKH NWKRSHUDWLRQRI
MRE -L ZKLOH WKHVH LQGLYLGXDO PDFKLQHV DUH IHDWXUHG
ZLWKGLIIHUHQW SHUIRUPDQFH7KHUH LV DQRSWLPDO WDVN
DOORFDWLRQ VFKHPHZLWK WKH EHVW PDFKLQH IRU WKH NWK
RSHUDWLRQRIMRE-L
x 2QFH WKH PDFKLQH IRU WKH NWK RSHUDWLRQ RI MRE -L LV
GHWHUPLQHGWKHSURFHVVLQJWLPHDQGFDUERQHPLVVLRQ
UDWHLVIL[HGQDPHO\WKHSURFHVVLQJFDUERQHPLVVLRQV
LV FRQVWDQW +RZHYHU WKH QRQSURFHVVLQJ FDUERQ
HPLVVLRQV DUH YDULHG IRU GLIIHUHQW VHTXHQFH VFKHPHV
RIDOORSHUDWLRQV
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)LJ&DUERQHPLVVLRQVFRPSDULVRQIRUWKHVDPHRSHUDWLRQLQ
GLIIHUHQWPDFKLQHV
7DNHWKHNWKRSHUDWLRQ NL2 RIMRE-LIRUH[DPSOHLWFDQ
EHSURFHVVHGE\WZRPDFKLQHVPD\EHPRUHWKDQWZRLQ
WKH DFWXDO SURGXFWLRQ ZRUNVKRS M0 DQG 
M0  7KH
FRUUHVSRQGLQJ FDUERQ HPLVVLRQV SURILOHV RI ERWK
PDFKLQHVXVHGIRUWKHRSHUDWLRQ NL2 DUHVKRZQLQ)LJ,W
VKRZV WKDW LQ VSLWH RI LLLL N 
ML
N

ML
N
ML
N
ML ))6) !  QDPHO\
SURFHVVLQJ WLPH LL N 
ML
N
ML SS !  WKH FDUERQ HPLVVLRQV
NMLFH L RI PDFKLQH M0 LV VLJQLILFDQWO\ OHVV WKDQ WKH
FDUERQ HPLVVLRQV N
MLFH L RI PDFKLQH 
M0 VKRZQ E\
VODVKVKDGRZLQ)LJ7KHPDLQUHDVRQLVWKDWWKHFDUERQ
HPLVVLRQ UDWH RI M0 LV VLJQLILFDQWO\ VPDOOHU WKDQ 
M0
HYHQ WKRXJK WKHSURFHVVLQJ WLPHRI M0 LV ORQJHU7KHLU
FDUERQ HPLVVLRQ UDWH LV GHWHUPLQHG E\ WKHLU SURFHVVLQJ
SRZHU DX[LOLDU\ PDWHULDOV XWLOL]DWLRQ VXFK DV FXWWLQJ
IOXLGV DQG ZDVWH H[FOXVLRQ HWF 7KHUHIRUH LW FDQQRW
UHGXFH WKH FDUERQ HPLVVLRQV RI VKRS IORRU RQO\ E\ WKH
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WUDGLWLRQDORSWLPL]DWLRQVWUDWHJ\IRFXVLQJRQWKHVKRUWHVW
FRPSOHWLRQ WLPH ,Q RUGHU WR PLQLPL]H WKH FDUERQ
HIILFLHQF\ WKH ILUVW RSWLPL]DWLRQ VWUDWHJ\ VKRXOG
FRPSUHKHQVLYHO\ IRFXV RQ PLQLPL]LQJ WKH SURFHVVLQJ
WLPHDQGFDUERQHPLVVLRQUDWH7KHREMHFWLYHIXQFWLRQRI
WKLVVWUDWHJ\FDQEHVXPPDUL]HGDVHTXDWLRQ
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)LJ(IIHFWVRIRSHUDWLRQVHTXHQFHRQWKHQRQSURFHVVLQJFDUERQ
HPLVVLRQV
2QFH WKH PDFKLQH KDV EHHQ GHWHUPLQHG IRU WKH
RSHUDWLRQ NL2 RI MRE -L WKH SURFHVVLQJ WLPH DQG FDUERQ
HPLVVLRQUDWHLV IL[HG7KHSURFHVVLQJFDUERQHPLVVLRQV
RIDOOPDFKLQHVLQWKHVKRSIORRU WKHQFDQEHYLHZHGDV
FRQVWDQW%HVLGHVWKLVW\SHRIFDUERQHPLVVLRQVWKHQRQ
SURFHVVLQJ FDUERQ HPLVVLRQV KDYH WR H[LVW LQ RUGHU WR
PDLQWDLQ WKH FRQWLQXLW\ DQG HIILFLHQF\ RI SURGXFWLRQ
RSHUDWLRQ ,WZLOO OHDG WR XQQHFHVVDU\ FDUERQ HPLVVLRQV
RI WKH ZKROH VKRSIORRU 7KHUHIRUH WR UHGXFH WKH WRWDO
QRQSURFHVVLQJ FDUERQ HPLVVLRQV DOVR FDQ RSWLPL]H WKH
FDUERQHIILFLHQF\RIVKRSIORRU
$V VKRZQ E\ )LJ WKH WRWDO QRQSURFHVVLQJ FDUERQ
HPLVVLRQVGHSHQGRQXQORDGLGOHFDUERQHPLVVLRQUDWH
DQG XQORDG WLPH RI DOO LQGLYLGXDOPDFKLQHV LQ WKH VKRS
IORRU ,Q SUDFWLFH WKH LGOH FDUERQ HPLVVLRQ UDWH RI DQ
LQGLYLGXDOPDFKLQHKDGEHHQIL[HGLQGHVLJQSKDVH7KH
QRQSURFHVVLQJ FDUERQ HPLVVLRQV RI WKH PDFKLQHV DUH
WKHQ RQO\ GHWHUPLQHG E\ XQORDG WLPH ZKLFK FDQ EH
FDOFXODWHGE\HTXDWLRQ%HFDXVH)LJVKRZVWKDWWKHUH
LV D GLIIHUHQW FDUERQ HPLVVLRQ UDWH EHWZHHQ GLIIHUHQW
LQGLYLGXDOPDFKLQHVLQWKHVKRSIORRUWKHPDFKLQHZLWK
ODUJHUXQORDGFDUERQHPLVVLRQ UDWH VKRXOGKDYHSULRULW\
WR UHGXFH WKHXQORDG WLPH7DNH WKHRSHUDWLRQVHTXHQFH
VFKHPH LQ)LJ IRU H[DPSOH LWGRHVQRW KDYHRSWLPDO
FDUERQ HIILFLHQF\ EHFDXVH 0 ZKLFK LV FKDUDFWHUL]HG
ZLWKODUJHULGOHFDUERQHPLVVLRQUDWHKDVORQJHULGOHWLPH
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:KHUH N ML6  LV WKH VWDUW WLPH RI RSHUDWLRQ
N
ML2  
N
ML) 
GHQRWHVWKHFRPSOHWLRQWLPHRIRSHUDWLRQ N ML2  
4. Optimization Model of Carbon Efficiency 
$FFRUGLQJ WR WKH DERYH DQDO\VLV FDUERQ HIILFLHQF\
RSWLPL]DWLRQ RI D MREVKRS PDQXIDFWXULQJ V\VWHP FDQ
HVVHQWLDOO\ EH VXPPDUL]HG DV WKH RSWLPL]DWLRQ RI WDVN
DOORFDWLRQDQGRSHUDWLRQVHTXHQFHVFKHPH7KHUHIRUHDQ
DSSURSULDWH SURGXFWLRQ SODQQLQJ DQG WKH VFKHGXOLQJ
VFKHPHFDQRSWLPL]H WKHFDUERQHIILFLHQF\RI MREVKRS
$FRPSUHKHQVLYH FDUERQ HIILFLHQF\RSWLPL]DWLRQPRGHO
EDVHG RQ DERYH WZR RSWLPL]DWLRQ VWUDWHJLHV ZLOO EH
SURSRVHG LQ WKH IORZLQJ VHFWLRQ ,Q WKHPRGHO WKH WDVN
DOORFDWLRQ VFKHPH WKDW DQ\ RSHUDWLRQ NL2 RI MRE -L LV
DVVLJQHG WRDQ\PDFKLQH M0 FDQEHGHVFULEHGE\D
DVVLJQPHQW PDWUL[ P111 Q; u ˅˄   DV VKRZQ E\ HTXDWLRQ
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
:KHUH WKH URZ LV WKH RSHUDWLRQ VHW LQFOXGLQJ
QL 11111   RSHUDWLRQV RI Q MREV WKH
FROXPQLVWKHPDFKLQHVHWLQFOXGLQJPPDFKLQHVRIMRE
VKRS NLM[ LVWKHGHFLVLRQYDULDEOHLI  NLM[ ,WLPSOLHVWKDW
WKH RSHUDWLRQ NL2 RI MRE -L LV DVVLJQHG WR PDFKLQH
M0 RWKHUV  NLM[ 7KH FRUUHVSRQGLQJ URZ DQG UDQN RI
N
LM[ GHVFULEHV WKH UHODWLRQVKLS EHWZHHQ WKH SURGXFWLRQ
WDVNDOORFDWLRQVRIPDFKLQH WRROVZLWK WKHRSHUDWLRQVRI
HDFK MRE )XUWKHUPRUH WKH SURFHVVLQJ WLPH SURFHVVLQJ
SRZHU DX[LOLDU\ PDWHULDOV FRQVXPSWLRQ UDWH DQG ZDVWH
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UHPRYDO UDWH RI WKH DQ\ LQGLYLGXDO PDFKLQH M0 IRU WKH
RSHUDWLRQ NL2 FDQ EH NQRZQ WKURXJK WHVW 7KH WRWDO
SURFHVVLQJ FDUERQ HPLVVLRQV RI VKRSIORRU IRU WKH
RSHUDWLRQV WKHQ FDQ EH NQRZQ RQFH WKH WDVN DOORFDWLRQ
VFKHPH KDV EHHQ JHQHUDWHG %DVHG RQ WKH VFKHPH WKH
FRUUHVSRQGLQJ SURFHVVLQJ FDUERQ HPLVVLRQ PDWUL[
P111 Q
&( u ˅˄  FDQEHEXLOWDVHTXDWLRQ
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:KHUH  NMLFH GHQRWHV WKH SURFHVVLQJ FDUERQ
HPLVVLRQV RI WKH PDFKLQH M0 DVVLJQHG WR WKH RSHUDWLRQ
N
L2 RI SURGXFW -L ,I DQ\ RSHUDWLRQ
N
L2 RI MRE -L LV QRW
DOORZHGWREHSURFHVVHGE\PDFKLQHWRRO M0 RUPDFKLQH
M0 FDQQRW SURFHVV WKH SURGXFW WKH FDUERQ HPLVVLRQV
 NMLFH DUHDVVXPHG WREH LQILQLWH%DVHGRQHTXDWLRQ
WKHREMHFWLYHIXQFWLRQIRURSWLPDOSURFHVVLQJFDUERQ
HPLVVLRQVFDQEHEXLOWDVHTXDWLRQ
¦¦¦
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Q
L
1
N
P
M
N
LMFH
L
NMLFH[;I
  
 
7DNLQJ HTXDWLRQ  DV WKH REMHFWLYH IXQFWLRQ LW FDQ
JHQHUDWH D SURGXFWLRQ VFKHPH ZLWK WKH PLQLPXP
SURFHVVLQJ FDUERQ HPLVVLRQV RI MREVKRS +RZHYHU LW
FDQQRW GHWHUPLQH WKH RSWLPDO RSHUDWLRQ VHTXHQFH DQG
WKXV FDQQRW IXUWKHU RSWLPL]H QRQSURFHVVLQJ FDUERQ
HPLVVLRQ %DVHG RQ WKH VHFRQG RSWLPDO VWUDWHJ\ QRQ
SURFHVVLQJ FDUERQ HPLVVLRQV IURP WKH LGOH RSHUDWLRQ
VWDWHRIPDFKLQHDUHHVVHQWLDOO\GHWHUPLQHGE\WKHLGOHRU
XQORDG WLPH RI PDFKLQHV 7KH WRWDO QRQSURFHVVLQJ
FDUERQHPLVVLRQVRI MREVKRS WKHQFDQEHFDOFXODWHGE\
HTXDWLRQ
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)RU PLQLPL]LQJ WKH QRQSURFHVVLQJ FDUERQ HPLVVLRQV
HTXDWLRQZLOOEHGHILQHGDVWKHREMHFWLYHIXQFWLRQWR
JHQHUDWH WKH RSWLPDO SURGXFWLRQ RSHUDWLRQ VHTXHQFHV
VFKHPH
By optimal task 
allocation 
strategy
By optimal 
operation 
sequence strategy 
Genetic algorithm for 
solving
Genetic algorithm for 
solving




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



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RSWLPDO"FHI ;
RSWLPDOLGOHFHI ˛
Objective 
function
Objective 
function
Yes
No
Yes
No
Chromosome coding
Fitness function
Chromosome coding
Fitness function
%DVHGRQWKHHQFRGLQJ
PHWKRGRIRSHUDWLRQWKH
ZKROHRSHUDWLRQVDQGWKH
FRUUHVSRQGLQJVHTXHQFHV
DUHLQGLFDWHGE\MREDQG
LWVJHQHELW(DFK
RSHUDWLRQLVLQGLFDWHGE\
LWVFRUUHVSRQGLQJQXPEHU
Optimal
scheme of 
carbon
emission
 Optimal 
scheme of 
carbon
efficiency
7UDGLWLRQDOELQDU\FRGH
PHWKRGLVXVHGDQGFRGH
FKDUDFWHUDUH
FRQVLGHUHGDVIL[HGOHQJWK
VWULQJ
7KURXJKWUDQVIRUPLQJWKH
YDOXHRIREMHFWLYHIXQFWLRQ
WKHILWQHVVIXQFWLRQLV
GHILQHGDVIROORZ
7KURXJKWUDQVIRUPLQJWKH
YDOXHRIREMHFWLYHIXQFWLRQ
WKHILWQHVVIXQFWLRQLV
GHILQHGDVIROORZ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)LJ7ZRVWDJHRSWLPL]DWLRQPRGHOIRUFDUERQHIILFLHQF\
,Q RUGHU WR HQVXUH WKH LQWHJULW\ RI D MREVKRS
PDQXIDFWXULQJ V\VWHP WKH IROORZLQJ FRQVWUDLQWV VKRXOG
EH VDWLVILHG DFFRUGLQJ WR WKH SUREOHP GHILQLWLRQV LQ
VHFWLRQ
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(TXDWLRQ  DQG(TXDWLRQ GHWHUPLQH WKHSULRULWLHV
RI DGMDFHQW WZR PDFKLQLQJ RSHUDWLRQ IRU VRPHRQH
SURGXFW 2QFH DQ RSHUDWLRQ LV SURFHVVHG WKH RSHUDWLRQ
FDQQRWEHVWDUWHG:KHQWKHRSHUDWLRQLVFRPSOHWHG WKH
QH[W RSHUDWLRQ EHJLQV (TXDWLRQ  UHTXLUHV WKH RQH
PDFKLQH FDQQRW EH XVHG IRU GLIIHUHQW WZR SURFHVVHV
RSHUDWLRQV LQ VDPH WLPH (TXDWLRQ  UHTXLUHV WKDW DW
OHDVW RQH PDFKLQH FDQ EH XVHG IRU RQH RSHUDWLRQ
(TXDWLRQUHTXLUHVHDFKRSHUDWLRQRIHDFKMREVKRXOG
EHH[HFXWHGRQO\LQRQHZD\
7R VXPPDUL]H D WZR VWDJH RSWLPL]DWLRQPRGHO IRU
FDUERQ HIILFLHQF\ RI D MREVKRS PDQXIDFWXULQJ V\VWHP
FDQEHHVWDEOLVKHGDVVKRZQE\)LJ,WFRQVLVWVRIWZR
RSWLPL]DWLRQ SURFHGXUH EDVHG RQ WKH SURSRVHG
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RSWLPL]DWLRQ VWUDWHJLHV ,Q ILUVW VWDJH HTXDWLRQ  LV
GHILQHG DV WKH REMHFWLYH IXQFWLRQ ZKLOH HTXDWLRQ  LV
GHILQHGDVWKHREMHFWLYHIXQFWLRQRIWKHVHFRQGVWDJH$
VWDQGDUG JHQHWLFDOJRULWKP *$ LV XVHG WR VHDUFK WKH
RSWLPDO VFKHPH LQ ERWK VWDJHV EXW GLIIHUHQW
FKURPRVRPH FRGLQJ DQG ILQHQHVV IXQFWLRQV DUH XVHG LQ
ERWKVWDJHVDVVKRZQE\)LJ
5. Case Study 
,Q WKLV VWXG\ VL[ PDFKLQH WRROV DUH XVHG IRU WKH
RSHUDWLRQV RI VL[ W\SHV RI MREV 7KH SDUDPHWHUV DQG
FDSDFLW\RIWKHVL[PDFKLQHVDUHOLVWHGLQ7DEOH7DEOH
VKRZV WKH RUGHUHG RSHUDWLRQV DQG WKHLU SURFHVV
UHTXLUHPHQWV7DEOHOLVWVWKHSURFHVVLQJWLPHDQGSRZHU
RI PDFKLQH IRU WKH RSHUDWLRQ RI HDFK SDUW ,Q 7DEOH 
ʊ0 ” GHQRWHV WKDW 0¶V WLPH DQG PHDQ
SURFHVVLQJ SRZHU DUH  PLQXWHV DQG  N: IRU
RSHUDWLRQ RI MRE 3 UHVSHFWLYHO\ $FFRUGLQJ WR WKHVH
GDWD WKHRSWLPDOFDUERQ HIILFLHQF\RI WKH MREVKRSZDV
VROYHGE\0DWODE7KHRSWLPDOSURGXFWLRQVFKHPH WKHQ
FDQEHJHQHUDWHG,WVFRUUHVSRQGLQJ*DQWWFKDUWLVVKRZQ
E\)LJ ,W VKRZV WKDW WKHRSWLPDO FDUERQ HIILFLHQF\ LV
ϘNJ &2H KHUH FRQVLGHULQJ WKH GLIIHUHQFH
EHWZHHQ WKHVH VL[ SDUWV WKH FRPSUHKHQVLYH SURGXFWLRQ
SHUIRUPDQFH LVPHDVXUHGE\ WKHFRPSUHKHQVLYHRXWSXWV
ZLWKVDOHVSURILWDVWKHZHLJKWRIWKHLQGLYLGXDOSDUWV
H&2NJ
&
4(&
RSWLPDO
VKRS
F
RSWLPDO



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
)LJ*DQWWFKDUWRIWKHRSWLPDOSURGXFWLRQVFKHPH
7DEOH3DUDPHWHUVRIPDFKLQHVLQWKHVKRSIORRU
12 7\SH 5DWHGSRZHUN: ,GOHSRZHUN: &RROLQJW\SH &DSDFLW\
0 /DWKH   2LOEDVHG 5RXJKWXUQLQJ
0 /DWKH   2LOEDVHG 5RXJK)LQLVKWXUQLQJ
0 0LOOHU   2LOEDVHG 5RXJKPLOOLQJ
0 0LOOHU   2LOEDVHG 5RXJK)LQLVKPLOOLQJ
0 'ULOOHU   2LOEDVHG 'ULOOLQJ
0 %RUHU   2LOEDVHG %RULQJ
7DEOH3URFHVVUHTXLUHPHQWRIWKHVWXG\MREV
-REV 2UGHUHGRSHUDWLRQVDQGWKHLUVFUDSHVXQLWPP
3 5RXJKWXUQLQJGULOOLQJILQLVKPLOOLQJILQLVKWXUQLQJURXJKWXUQLQJERULQJ
3 %RULQJURXJKWXUQLQJURXJKPLOOLQJILQLVKWXUQLQJILQLVKPLOOLQJGULOOLQJ
3 5RXJKPLOOLQJURXJKWXUQLQJGULOOLQJILQLVKPLOOLQJERULQJILQLVKWXUQLQJ
3 'ULOOLQJURXJKPLOOLQJURXJKWXUQLQJERULQJILQLVKPLOOLQJILQLVKWXUQLQJ
3 'ULOOLQJURXJKPLOOLQJERULQJURXJKWXUQLQJILQLVKWXUQLQJILQLVKPLOOLQJ
3 %RULQJURXJKWXUQLQJILQLVKWXUQLQJ²URXJKPLOOLQJILQLVKPLOOLQJGULOOLQJ
7DEOH7KHWLPHXQLWPLQDQGPHDQSURFHVVLQJSRZHUXQLWN:RIWKHPDFKLQHIRUWKHRSHUDWLRQRIMREV
-REV 2SHUDWLRQ 2SHUDWLRQ 2SHUDWLRQ 2SHUDWLRQ 2SHUDWLRQ 2SHUDWLRQ
3 0 0 0 0 0 0
3 0 0 0 0 0 0
3 0 0 0 0 0 0
3 0 0 0 0 0 0
3 0 0 0 0 0 0
3 0 0 0 0 0 0

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$FFRUGLQJ WR)LJ WKH UHDVRQV FDQEH VXPPDUL]HG
DVIROORZLQJV$OWKRXJKWKHPDFKLQHV0DQG0
ZKLFKKDYH ODUJHUSURFHVVLQJSRZHU LQ WKHPDFKLQH VHW
FDQEHXVHGIRUURXJKWXUQLQJDQGILQLVKWXUQLQJWKH\DUH
RQO\ XVHG IRU ILQLVK WXUQLQJ LQ WKLV VFKHPH0HDQZKLOH
WKHPDFKLQHV 0DQG0ZLWK OHVVSURFHVVLQJSRZHU
DUHRQO\XVHGIRUURXJKWXUQLQJ7KHVFKHPHDVIDUDV
SRVVLEOH UHGXFH WKH QRORDG UXQQLQJ WLPH RI PDFKLQHV
00DQG0 HVSHFLDOO\ LW DOPRVW HOLPLQDWH WKH QR
ORDGUXQQLQJWLPHRI0,WLQFUHDVHVWKHPDFKLQLQJ
WDVNRI00DQG0DQGPDNHVWKHORQJHVWLGOHWLPH
IRU 0 DQG 0FRQVLGHULQJ WKH\ KDYH WKH ORZHVW LGOH
SRZHU ,QDGGLWLRQ)LJ VKRZV WKH LWHUDWLRQSURFHVVRI
RSWLPDOFDUERQHIILFLHQF\
:KHQWKHFDUERQHIILFLHQF\UHDFKHVNJ&2H
PRUHRSWLPDOFDUERQHIILFLHQF\LVQRWJHQHUDWHGZLWKWKH
IXUWKHULWHUDWLRQRI*$%DVHGRQWKHVFKHPHVKRZQE\
)LJWKHFDUERQHPLVVLRQG\QDPLFVSURILOHRIWKHZKROH
VKRSIORRU LV GHWHUPLQHG DV VKRZQE\)LJ7KH ILJXUH
VKRZVWKDW WKHFDUERQHPLVVLRQUDWHRIWKHVKRSUHDFKHV
WKHSHDNDWWKHPLQXWHDERXWJ&2H7KHSURILOH
KDV VPDOO IOXFWXDWLRQ DOVR LQGLFDWHG WKH IHDVLELOLW\ RI
SURGXFWLRQ VFKHPH VKRZQE\)LJ  IRURSWLPDO FDUERQ
HIILFLHQF\


)LJ,WHUDWLRQSURFHVVRI*$IRUWKHRSWLPDOFDUERQHIILFLHQF\

)LJ&DUERQHPLVVLRQG\QDPLFVRIWKHZKROHPDQXIDFWXULQJVKRS
6. Conclusions 
$WZRVWDJHFDUERQHIILFLHQF\RSWLPL]DWLRQPRGHORI
DMREVKRSPDQXIDFWXULQJV\VWHPZDVSURSRVHGEDVHGRQ
WZR RSWLPL]LQJ VWUDWHJLHV ,W SURYLGHG DQ RSHUDWLRQ
PHWKRG WR RSWLPL]H WKH SURGXFWLRQ GLPHQVLRQ DQG WKH
HQYLURQPHQWDO GLPHQVLRQ RI PDQXIDFWXULQJ ,Q WKH
PRGHO WKH ILUVW VWUDWHJ\ IRFXVHG RQ VHOHFWLQJ WKH PRVW
VXLWDEOHPDFKLQHIRUWKHRSHUDWLRQRIDMREWRUHGXFHWKH
SURFHVVLQJFDUERQHPLVVLRQV:KLOH WKHVHFRQGVWUDWHJ\
IRFXVHG RQ JHQHUDWLQJ WKH RSWLPDO RSHUDWLRQ VHTXHQFHV
WR UHGXFH WKH LGOHXQORDGFDUERQHPLVVLRQVRI MREVKRS
7KLV VWXG\ QRW RQO\ SURYLGHV D PRGHO WR RSWLPL]H WKH
FDUERQ HIILFLHQF\ RI D MREVKRS PDQXIDFWXULQJ V\VWHP
IRUPHFRQRPLFSURGXFWLRQDQGHQYLURQPHQWDOGLPHQVLRQ
EXWDOVRUHODWHVWKHFDUERQHPLVVLRQVRIPDFKLQHZLWKWKH
RSHUDWLRQRIMREV)XUWKHUPRUHLWDOVRVKRZVDFKDQFHWR
UHGXFHWKHFDUERQHPLVVLRQVRIPDQXIDFWXULQJV\VWHPE\
SURGXFWLRQSODQQLQJDQGFRQWUROPHDVXUHV
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